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205D.5
I. TNTRODUCTION

1. OBJFCT AMND SCOPE OF INVESTIGATION

The test reported herein 1ls the third of several to be
carried out at Lehigh University as part of the broad investigation
titled "Welded Continuous Frames znd Thelr Componecnts”, The frame
tested was a simple portal frams stetically indeterminate to the
first degree and was fabricated from 12WF36 with a beam span of
30 ft. and a column helght of 10 rte Previocus tests had been car-
ried out on two simllar portal frames with 14 ft. beam spans and
7 ft. column heights., These earlier rramecs were formed frcom 8WF40
and 8Bl13 shapes., Theretofore, all frames had becn tested under
vertical loads only but the present test frame was subjected to
horizontal and vertical loads.

The test was planned so that 1t would simulate the actlon
of a full size portal frame subjccted to a ratio of vertical loed
to horlzontal lozd ac might be expected in a sevcroe wind storm,
Great care was takon to insure proper lateral support and to meas-
ure the forees exerted by the leteral supports. Deformations were
measured at verlous critical locations in the framec in order to

compare 1ts bechavlor with the thcoretical analysise
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IL., DESCRIPTION OF FRAVE AND TESTING APPARATUS

2., TEST SPECINMEN

The test specimen used is detalled on Fige 1. It 1s a
full~-sized single bay rectangular rigid framo fabricatcd from &
12Wro6 steel sectione The knces for the frane are of type 8B
described 1in Progress Report 451)% The column bases wcre mounted
on knifc cdges so that a pin cndcd conditlion was maintaincd through-
out the test, The distance between the column basos was k:pt cone
stent by means of tle rodse.

The beam spen was 30 ft. and the column height was 10 ft.
The loads were applied at the one third points of both the beam
and windward column, The frame was taken from an imaginary builld-
ing in vhich the freme spacing was 15 ft. and thc vcertiecal worklng
load was taken as 60 psf and s design wind load of 20 psf. Thils
comblnation gives for the particular frame dimencsions a total ver-
tical load ninc times as large as the total horizontal load., This
ratio of vertlcal load to horizontal was maintaelned throughout the
test.

The steol sectlon used in fabricating the portal framo
was a nominel 12WF36 as mentionecd above tut the actual measurements
of the cross-scction showed that the section used had properties
that varied to some extent from thosc given in the A4.I.5.C. Steel
Construction Manual., 4 comparison of handbook and actusl dimen-
slons 1s giver in Tebls I. From this comparison one can see that
the causc of most of the discrepancics 1s the difference between
the actual and handbook values for flange thickness. The resulting
variatlon in thc sectlon moduvluvs, S,, and plastic modulus, 2.,

. 0 e e e e e e Y T P o G B e e P e e B Mo G P D G B S G e G e e o - ol o o o -

s Numbers in parentheses Indicate the reference number in the
bibllography.
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causc the vicld moment and plastic moment to bec lowecr than tho

handbook values by 6.4 and 7,1 per cent, respectively.

TABLE I PROPERTIES OF 12WF36

P Wgte | | __Flange | Web i é--
per ft.! ArealDepth!Width Thick./Thick, I, Sx | 2x
1b. in2| in. ! in. | in. | in. Cind ! and 13

Actual 34.4 §1013/12,17!6.560;0.506 {o.:soa 264 43,5 | 48,1
Handbook | 36 1059112424 | 64565| 0540 10,305 | 280.8 | 45.9 | 5145

1 I
Variation| =4.6% | =46% -0.6%1=0,1%| -6.7% !+o.3% —6.4% | =5.5% | =7.1%

b !

Tho mechanical properties of the steel used vere deter-
mined by standard coupon tests (both tension and compression) taken
from scveral locations in the cross-section of the became. The steel
used was ordered to meet the rcquirement of ASTM Designation A7-50T
and all three pleces needed to form the frasme were cut from a
single length.

The mill report for the steel i1s shown in Table IT.

TABLE II MILL REPORT ON 12WF3Z€

Chemical Composition

in Por Cent: Mechanical Properties:
c = 0,18 Yield Strength (upper yiold) = 42,530 psi
(Avg. Yield Stress Level by Laboratory
Mn = 0,65 Tosts £ 39,100 psi)
P = 0,014 Ultimate Strength = 67,420 psi
5 = 0,038 Elongation in 8 in., = 25.2 per cent

Reduction in Area = 50,0 per cent

The laboratory coupon tests are summarizoed in Table III.
In using these results the yleld stress level of those coupons
(tension and compression) located in the flanges of the beam were

sveraged and used to deteraine the yield moment and plastic moment
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of the section. Thls average yield stress level was 39,100 psi
which is somewha® lovcr than the upper yield strength of 42,530

psi given in the mill report.

TABLE III SUMMARY OF LABORATORY

COUPON TESTS OF 12WF36

T ‘Tensicn or |  Yield  Ultimate|Strain Hardening
Location| Comprcssion|{Stress Levol Strength €q in/in

) _ psi = psi
1 T 39,230 62,000 «015
1 c 58,060 - .014 més:j:::
2 T 45,1C0 67,800 .024
2 C 45,150 - 014 o
3 T 39,700 62,200 | .0O18
3 C 38,0320 - +015 £
4 T 41,200 66,200 | .014 ¢ 3
4 C 38,490 : - i +Ol3 N

3¢ LATERAY, SUPPORT

Past experience in the tecsting of rigid frames into the
plestic reglon had shown that adequate lsteral support was essen-
tial 1f the theoretical collapse load where to be attained. There~
fore, the present test frame was provided with a lateral support
system which might be ecquivalent to that used in actuul building
construction, This support was given by 18 struts which gonstrainer
the frame to deform in a plane about 10 ft, from the wall of lab-
oratory bullding. The locations of the 18 lateral support struts
are Indlcated by the small circles drawn on the flanges of the
bearn on Fig, 1o A numbering system for the Le%:val supports is

also lndicated on the drawing.
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In ordcr to insure frece movement of the frame in 1ts
plans, the loteral support struts were flttci with flex bars st
oacn end. SR-4 electrical strain goges were attached to one of
the flex bars of cach lateral support strut so that the force in
the individual struts ocould be ascertalned et any tlmec.
The lateral support system may be seen in the photograph

of the genersl test arrangement shown in Fige 7.

4, LOADING SYSTEM

The loads were applied to the frame by mecans of hydraulic
jackss Four jacks were used in all, one jack for ezch of the two
vertical loads, one for the horizontal load and one for the hori-
zontal reaction at the base of the windward columne. An aluminum
tube dynamometer was used in conjunction with cach jacke The
loading system may be seen in Flge 2 and 3, All loads were ap-
plled to the frame through g horlzontel pln located at the cen-
trold of the beam cross-sectlione Transvcrse stiffener plates werc
used to help distribute the losd to the beam et these points,

In order thzt the minimum amount of adjustment wuuld
have to be made to the lateral support system, the test was planned
gc that the movement caused by the horizontal losd would take placc
at the column bases leaving the ends of thc beam more or less fixod
In spacee Fige 3 shows how the column bases and horizontal load-
ing system was arrenged so that this movcement could take place,

The tie rods used to maeintaln the distance between the
column bases were conneeted in scrics with eluminum bar dynemomctcre

allowing the tie rod force to be msasured.
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5« ROTATION MEASUREMENTS

Measurements to determine the rotation occurring along
a unit length of beam and across the knees of the frame were made
by use of the rotation indicators described in Progress Report VQ)
and 1llustrated on Fige 20 of that report, Four such rstation in-
dicators were used on the present frame, one across each knee,
one on the beam near the polnt where the second pisstic hinge
formed and one on the leeward column where the first plastic hinge

formed, These indicators may be seen in the photographs of Fige.
2 snd 3. |

6. FLANGE LISPLACEMENT MEASUREMENTS

The movement of the beam flanges with respect to one
another was measured by a mechanical micrometer dial used as in-
dicated by Fige. 17 of Progress Report 7.(2) Measurements were
made with the dials at 6 locations in the reglions of the plastic
hinges, Further evidence of flange crippling was obtained by
pairs of SR~4 electrical strain gages mounted on opposite sldes

of the compression flange in the plastic hinge zones,

7. DEFLECTION MEASUREMENTS

Ordinary surveying

Instrumenss were used to determine
the deflected shape of the frame to within 1/50 of an inch, 'The
accuracy of the deflections obtained waes adequate in view of ths
fact that deflectiome of 3 inches were obtained at collapse load,
and these increased to 10 inches at fallure, Two transits were
set up on the laboratory floor near each frame column and their

- telescopes were oriented, and maintained, in fixed vertical planes
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perpendicular to the plane of the frame. By sighting on a scale
heid at right sngles to the column, the distance from this fixed
vertical plene to the point on the column could be ascertalned.

The distance from the beam of the frame to a fixed horil-
zontal plane of sight wass determined in a similar fashion by =
level mounted on the balcony of the leborastory so that its line
of signt was just above the undeformed position of the top flange
of the beam,

The system of measuring deflections described above had
very distinct sdvantages over methods used on previcus frame tests.
There was no rilg or frame mounted on the test frame to interfere
with photography or the reading of other deformation measuring de-
viceses The need for several adjustments of the deflection measur-

Ing instruments during the test was eliminated.

8. TEST PROCEDURE

The test procedurs used on the frame took the form of 3

phases as follows:

l. Check test of the frame ss a determinate structurs
In elastic range.

2. Test of the frame as an indeterminate structure in
the elastic range.

3e Maln test through the elastic and plastic range to

finel failure by lateral plastic buckling of the lee
columne

To be sure that the testing apparatus was working sccord-
Ing to plan and to check on the actlion of the test frame, the tile
rods between the pinned bases were removed making the frame zta:-
.tlcally determinate. In'this condition the frame was losded.in

3 different ways and the resulting deflections measured, First
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only the 2 vertlcal loads were applied and the resuvlting horizon-
tal movements of the bases measured as well as the beam center-
line deflection, The same deformeticns were messured in the sub-
sequent check runs during which loads were applied to the windward
column and then to the column bases. These check test results had
a maximum variation of 6,5 per cent from the thecoretical values
indicating the testing apparatus and frame were behaving in a
satisfactory menner.

With the tie rods in place so that the distance between
the columns bases was maintained constant at =211 times, a test run
was made of the structure as a statically indeterminate frame in
the elastic range. This check also showed that the test set up
was performing in good fashion as Indicated by the fact that the
measured tle rod force agreed within 2 per cent with the force 1n-
dicated by elastic analysis.

With assurance that the test equipment was performing
as planned, the main test was started and carried out continuously
for 60 hours until lateral plastic buckling occurred in the lee
column.

During the early stages of the test, readings were made
on all measuring ejquipment at frequent loasd intervals. No data
was taken at a glven load increment until the centerline deflec-
tion of the beam had shown that no significant change in deforma-
tion would occur if ths load were held constant for a longer period
of time,

As the applied loads approached the theoretlcal plastie
collapse load the time required for the deformation of the struc-
ture to reach a constant level under the constant load became

longer and longer, To overcome this long walt for the frame to
g g
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"settle down" a "deformation-increment" criterion was adopted for
the rcmainder of the toste DTuring this latter part of the test no
data was taken at a given deformation increment vwntil the load had
shovin no significant change in load would cccur if the deformstion
were held constant for s longer period of time, This meant that
after s set of reading had been completed an increment of deflec-
tion for the beam center was chosen to be added to thc existing
deflection. The frame was then deformed this amount by pumping
ori the jacks belng careful to melntaln the proper ratio of loads
in all jacks at the same time., Once the propsr deformation lev:zl.
had been reached, it was held constant while observations of tho
load variation with resvect to time were made, 'Vhen the loads
showed no tendency to change at the constant deformatlion level,
it was assumed the frame had "settled down" and a ccmplete set of
data was taken.

The above described "deformation-increment" criterion
for determining when a sct of data might be taken when the struc-
ture was In the plastic range proved toc be far less time consuming

than the "load-increment” method used on earlicr frame tests.
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A very

here to indicate

9.

<10

LOADS, REACTIONS AND MCMENTS

simplc theoretical analysis will be presented

the predicted behavior of ths frame. When the

loads are such that no part of the frame must endure stralns that

are sbove the yleld strain, the structure may be investigated by

the ordinary elastlic anulysis method for indeterminate structures.

Such an analysis will glve the moments for the various critical

points of the frame shown 1ln Table IV,

shown in Filg. 5.)

(These moments are also

TABLE IV THEORETICAL FRAME ABAIYSIS
P P
3 4 45 5
P/9—>

Condition of |All Elastic | At First Yield | At Collapse by |
Frame Simple Plastilc
(1) () (3) Theory (4)
Vertical Load b2 S es 20,2
Horizental g 0.382 P 9.95 9439
Rcaections at
Pts. in Kipsl” 0.604 P 14.17 15467
A = 1
Rezngigglat gl o.s63 P 22,6 28,1
Pts. in Kips 7 10037 24.4 50.3
1| 15.3 P | 358 367
Moments
at Dts. 2| 3s5.0pP 820 864
in In. Kips |z | 59,2 p 1390 1490
4| 56,7 P 1333 1880
51 5244 P 1230 1760
6| 72.5 p 1700 1880
2 N e
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By using the actual section modulus of 43.5 in® for the
wide flange section and using the aversge vield stress lcvel of

39,100 psi, the yleld moment, My, for the frame is found,
My = 5x x ¢y = 43,5 x 39,1 = 1700 In. Kips

From thc clastic analysis 1t is noted that the maximum elastilc
momeni occurs at point 6 (see Table IV) where the moment is 72.5 B
Thwus & thooretlesl yleld loed, Py, of 23.% kips st each of the
beam load points 1s established.

The elastic snalysis shows that the first plastic hinge
must form at point 6 (the leeward knee of the frame), Only one
more hinge 1s needed to allow the frame to collepse. Thls second
hinge will form at point 4 (the becm load point nearest the wind-
ward column), Vith the plsstic modulus known (Z, = 48.1 in®) and
using the yleld strength from coupon testa of the flange (dy =

39,100 psi) the plastic moment, Mp, can be computed,

My = 2, x 0} = 48,1 x 39.1 = 1880 In. Kips

With the moments at poilnts 4 and 6 known, it becomes g
matter of statics to determine the load, resctions and moments st
other points of the frame. These values are llisted in Table IV

in column 4,
10. DEFORMATIONS

In order to check the actusl behavior of the frame
againgt the theoretlcal behavior, some measurasble quantity other
than applied forces should be predicted by theoretical mesns, Oar
such quantity chosen for the present test is the deflection ol the

center of the beam,
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While the frame is in the elsstic range the team center-

line deflection may be determined by ordinary elasstic enulysis,

However, such analysis assumes the frame tc be formed from members

having lengihs given by the centerline dimensions of the frame.

This assumption leads to an answer which 1s approximately correct

tvut it can be improved upon Ly taking into asccount the fact that
the partisular knees of the frame rotate more than the equivalent
length of plain beams A rational method of predicting such dif-
ference in rotation 1s given in Progress Report 4.(1)

Once the increased rotation of the knee is known the
added deflection of the beam due to the knee flexibllity at some
specific point, say at the center of span, may be computed by
solving the case of a 3imple beem which has slopes at 1ts ends
the same as the increase in knee rotation over an equivalent
length of plailn beame In the case of the present frame the in-
crease in the deflection in the center of the beam due to knee
rotation was only 0,05 in. gt the yield load compared to s deflec-
tion of 1.74 in. glven by the usual methods of elastic anslysis,
Thus the corrected theoretical deflection at yield losd, 23.5 klps,
is 1,79 in.

Approximete velues for deflections of the frame may be
determined just as the collapse is reached by a very simple method
described by Symonds (5) and in Progress Report No, 3.(4) This
methed assumed that ylelding 1is concentrated at the plastic hinges
and that these hinges are free to rotate under the constant moment.
Mp, other parts of the frame remeining elastic, Just as the last
plastic hinge 1s formed the slcpe at either slde of the hinge mcet
be equal, Using these assumptions and the well known slope de-

flection equations, one may find the deflectied shape of the strve-
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ture. For the present test frame thls gives arn cstimated center
beam deflection of 2,82 1In, at collspse loads Agslin the computed
deflectlon should be incresesed becsuse of the knee flexibility.
Fer lack of a better method the amount of additional deflection
due to the added kmuee rotation in the knee will be taken as value
from the elastic case at load Py multipied by Pp/Py. This glves

a value of 0,06 in, Thus the deflsesction of the Team center at
ultimete load btecomes approximately 2.87 In, It seems reasonable
that this deflection should be larger since ylelding is spread ou®
over lengths of the beam and not concentrated at the hinges as
assumed in the analysis. This would be particularly true in the
prresent case since much of the center third of the beam is with-
standing moments greater than ¥ when the collapse load is reached,
Hence the sctusal deflection at ultimate lczd should be somewhat
larger than the value predicted above.,

The deflection computations discussed above allows one
to draw the theoretical load deflection curve shown in Fig. 4. The
theoretical curves for the elastic moment-unit rotation relation-
ship for plain beam sections were obteined from the basic relation
# equals Moment divided EI., The theoretical moment-rotstion re-
lationship for the knees in the elastic range was found by use of

equations developed by Beedle.<5)
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IV, RESULTS OF TESTS

11. GENERAL BEHAVIOR

The present test frame and test apparatus behaved as
well or better than wss expected in all respects. It is belleved
that the results indicate the performsnce that might be expected
from on cehucl bullding frame where the proper consideration is
given the lateral support system, At the same time, a lateral
support system capable of providing the support given the test
frame might not be impractical; in fact, even better support might
be provided in an actual buillding,.

The frame carried the predicted yicld 1lcad and collapse
load with deformations which were very close to the predicted
valuess In addition, the frame showed an abllity to carry the
predicted collapse load even when the deflections were double those
&t the time the collapse 1o0ad was first reached.

Failure was brought about when the lee column buckled
laterally., This buckling occurred in a region that was fully plas-
tic and was a clear case of plsstic instebility. Cther minor cases
of plastic instability took place but were prevented from progress-
ing to such an extent as to be the cause of the frame failure. The
abllity of the frame to survive these earller cases of plastic in-
stabllity was undoubtedly due to the effective lateral support
system,

The loaé carrying capscity of the frame cver and above
that predicted by normal elastic theory is 1llustrated in one way
by the moment diagrams drawn on Fig. 5. The diagrenis drawn are for

two cases of zctual moment and fer two cases of theoretical momenta,
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One of the theoretical moment disgrums shown is for elsstic 1imit
condition and the other is found for the collapse load condition.
The actual moments were computed from measured forces and were cor-
rected for the frame deformations, The moment diasgram that ex-
1sted when the nominel maximum stress wa2s 20 ksl 1s shown by the
solid line., The dashed line shows the theoretical elastlc 1imit

CasSEa

)

The other 2 curves do not vary from one snotner much and
Indicate hew well the frame was in accord with simple plsstic theawy.
These 2 curves represent the predicted moments at collspse load by
simple plastlc theory and the ultimste load moments. After the
ultimate load condition had been reached, the moments for sll load-
ings prior to the les column buckling were nearly identical to the

moments at ultimate load,

12, LOAD-DEFLECTION RESULTS

Wlth regard to load carrying capacity the test results
more than met the behavior predicted by simple plastic theory. The
freme'!s response to loads in the elsstic range was also very good.
In fact, compared to the action of the two previous frames, the
present fram¢ showed near perfect sgrecment between observed and
computed values, Table V compares the test results wlth the pre-
dlcted behavior. The result of the previous freme tests at Lehigh

Unlversity are shown on the ssme table for convenience,
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TABLLE V STRENGTH COMPARISON
Maximum Strength
Yield Strength
| { ---{ Elastic Flastic
Frame First General| Load !l Analysis | Analysis
No, Yield Line{ Yield |Reduction|Comparison|{Comparison
kips kips at Py Kips kirs
1 Ckserved 22,0 40.4 52.4 52,4
Computed 39 .4 39.4 39 44 47,7
(8WF40)! Ratio 0.56 1.05 1645 G 1.10
2 Observed 5¢5 12,2 18,0 18,0
Computed 13,1 13.1 13.1 1841
(8213) | Ratio 0.42 1,01 1155 137 0.99
3 Observed 15,9 26,6 2047 29,7
(12WF36) |Computed 2365 T o 23e5 29,2
Present 2¢1o0 0.68 1.13 6.2 1.26 1,02
Frame
S .,,#ff“*'*#—_ T
Pp = — - ]
Py ‘
Reduction
Load In Load Pmax

Deflection

Further evidence of the close agreement betwesn theoret-

l1cal and test behavior 1s given on Fig. 4 where the load-deflection

curves are shown,

The actual deflection st theoreticzl collapse

load is 12 per cent larger than the computed valué.,

The ac

vual ultimate load of 29,7 kips in each vertical

Jack 18 1402 times greater than the predictel collapse load of 29,2

kips.

O0f perticular interest is the fact that the frame continued

to carry loads equal to the computed collapse load eveil when the

deflection had incressed to twice ihe deflection computed for ul-
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timate load. This curve shows that the frame has a statlc energy
absorbing capacity some 3 times greater then the energy required
to reach collapse load and still has the abllity to support & load
equal to the computed collapse losad.,.

Another presentation of the manner in which the structure
deformed is given in Fig, 6. There the deflscted shapes of the
frame at several load conditions ere shown., The first dcflectlon
curve drawn shows the shape of the frame when loaded with a ver-
ticel load 1n each Jack of 12 kips. This loed produces a moment
of 870 in. kips at the lec knee and a unit stress of 20,000 psi,
It i1s equal, then, to & normal deslign load by conventional elastic
methods .

The second deflected shapc of Fig, 6 is drawn for z ver-
tical load of 18 kips. This load 1s 1/1.65 of the ultimate load
and might be the maxirmum design under s plastic analysis method.
At this lozd the frame 1s still well within the elastic limit. The
maximum deflection at this load was 1l.47 times the maximum deflec-
tion at the normal design load.

The shape of the frame at ultimate load, 29.7 kips, 1is
given by the third curve on Fig, 6. This curve shows that the
meXimum def’ :>tion at the ultimate load iIs only 3.5 times as grest
as for the ormal elastic design load,

1.2 curve having the lsrgest devistions 1s for the last
loed put con the structure 2nd rcpresents the greatest deformation
that occurred, The load at this time was 26,5 kipse The iee coi-
umn had elready buckled leterally at this stage of the tcst. De-
splte the column fallure and the large distortions the frame was
stlill carrying 89 per cent of the ultimatc, 221 per cent of the

normel elastic decslgn lcaed, and 147 per coent of a possible plastic
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design loed which uses a saofety factor 1.65 sgainst ultimstes A
photograph of the frame aftcr tosting 1s shown in Fige 7. The de-
formed structure shown in Flge. 7 closecly approximates the shape
shown by the meximum deflection curve shown in Flge. 6. Compaorlscn
of these two figures indicstes the msgnificetion gilven the deflec-
tions in Filg. 6 wherc the dcflections are plottod on & scale 4.8

times larger than the scale used tc lay out the framec dlimenslons.

13, MOMENT-ROTATION RELATIONSHIPS

Since one of the basic requlrements of a material end a
scectlon to ®e used 1n 2 structure designed by plastic enalysls 1s
the 2blillity to form plastic hinges, it is ¢f interest to study the
moment~rotatlion reletlonship of certein critical parts of the test
freme. One such critical part is the knee., The knee design used
in thils frame had been investigated at Lehigh University in earller
phases of the present program descirbed in Progress Report 4(1)
where it is classifled as a type 8B conncction. The knee detalls
are, to scale, the sume as thosc for Connection L (Type 8B) of
Progress Report 4, It hed shewn good rcsults in these esrlier con-
nection tests and was therefore a logical choice to be used in the -
frame.

The moment-rotation curves for both knees are shown in
Fig. 8+ At no time during tho test did the knees show signs that
they had smaller moment capaclty than the beam section. There was
no local crippling of any parts even though yilelding of the mate-
rilal wes wldespread 1n the knee at the lec column. The knee showed
the capacity to carry the full plestic moment of the btcam secticn

through large rotatlons. The moments at the intersection of beam
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and column centerlines based on mcasurcd reectlions and measured
freme deflections are used in the plotting of one sct of surves
(drawn with solid lines) shown on Fig, 8, The sccond 3¢t of curves
(drawn with dashed lines) werc plotted from moments not deformed.
This diffcronce in these twc seta of curves becomes significent
only ot very lerge rotetions well after the ultimete lo2d had been
reached in the frame,

The knee at the windward column wss never called upon tc
carry & moment equal to the theoretical yileid moment; neverthelcss,
the moment-rotation curve for thils knee 13 not a strsight llne and
vhen the frame was unloeded the knee hsd tcken on a small amount
of permanent set, indicating ineclastic action., Fig, 8 shows that
the tao knees behaved 1in almost 1dentical fashion at equal moment
levelss

Even though thc simplc plastlec anslysis assumes that the
plastic hinges form at poinis on the frezme the ectual hinge may be
spread over a conmslderable length of the frame. This is particu-~
larly true wherc the plestic hinge at a knec, where the knee 1is
somewhat stronger than the ess-rolled beam sectlion. For the presen®
freme the yield zone nesr the first plastic hinge at the lee knee
was Wildesprend by the Lime the uitimate load was reached., Flg. 9a
shows thls region and the extent of the ylelding skortly after the
ultimate load was reachede The flaking of the whitcwash on the
freme Indicates ylelding has occurred. It will be noted that this
zono carrlcs further along the column than aleong thc besm, agreelng
wlth the fact thet the beam has a rmuch steeper moment gradicnt than
the column (see Fig, §). The spread of the sccond plastic hinge
at the same loed is shom In Filg., b, Since Mo moment curvo between %

vertical load points 1s virtually flat, the ylelding oczurs over
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a conslderable length of hbeamy Even so, there 1s a concentration
of vielding near the second plastic hinge (the windward vertical

load ncint).

The moment-unit rotation curve for the section of the
coiumn just below the first theoretlcal plastlc knee 1is shcown on
Fige 10s Again the solid lire represents the relationship when
the dlstortion of the framne is tsaken into account when computing
the actual moment at the sectlon of the column and a dashed line
ls for the case where distortion is neglected, These curves show
that the full plastic moment was never reached at this portion
of the frame; nevertheless, what appcars to be plastic hinge ac-
tion was started at the ultimate load condition when the moment
at the section was 96.1 per cent of the theoretical plastic mo-
ment. As the rotation increased rapldly after the ultimate load
had been reached, the moment increased slightly to 9947 per cent
of the Mp value but only after the rotaetlion was about flve times
greater than it was at the ultimate load, Previous tests of beams
had shown similar lower actual plLestlic moment values.(6) The
lowerirg of the actual plastic moment has generslly been attri-
buted to resldual stresses in the beams.(7)

It should be pointed out that the moment carrying cs-
pacity st thls locatlon was not appreclably decreased untll the
column buckled laterally, The rotation at which column buckling
occurred is indicated by the symbol "L.B." on the figure.,

Flg. 11 shows the moment~-unit rotatlion relatlonship
found by the rotatlon indicstor mounted on the frame near the
theoretical locatlon of the second plastic hinge. Thesa aurves
arc very similar to the curves shown on Fig. 1C except for the

drop iIn the moment which occurs just after the ultimate was
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reached., This reduction can possibly be explasined by the fact
that the beam tried to buckle laterally in this region soon after
ultimate load wes reached. This buckle could be observed by eye
at the rotation indicated by the symbol "L.B.", but its effect
was undoubtedly indicated much soonecr by the drop in moment at
this section and the drop in applied load seen on Fig. 4. Ths
effect ¢f this lateral buckling action was quickly overcone 28
the lateral supports in the region were sufficient to prevent in-
creased lateral mcvement., The moment at the section incressed

agaln and exceeded the previous maximum value,

14, PLASTIC BUCKLING AND LATERAL SUPFORT

The present frame showed once again the fact that the
final fallure of continuous rigid frames is usuelly brought about
by instabillty of some part or parts of the fresme. The propor-
tions of most frames and rolled sections ere such that this in-
stabllity does not develop in the elsstic range. Once the steel
has yielded, however, thc possibility of this phenomenon occurring
is Increased many times, At the present i1t is only by such tests
as described herein that one is able to find out with any degree
of certalnty whether or nct a certain frame, made from a certaln
beem end locadod in s particular fashion, is able to carry its pre-
dicted plastic collapse load before this instavility causes final
fallure.

Since the only way to prevent instability failure iz to
support the compressed zones of the frame transversely, the leca-
tlon and strength of the lateral support system for a frame be-

comes of primary imvrortance, At the szme cire the width to thicy-

(6]
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ness ratio of unsupported ocutstanding flanges becomes very 1im-
portani, since they may suffer from local flsnge buckling or
flange crippling and thus bring about failurc of the frame.

The present test frame suffered from buckling Iin three
regions. All three zones affected were in a plastic state when
the buckling occurred.

The first evidence of instability was observed by eye
sfter the ultimate load had been reached and took the form of a
lateral dlsplacemer.t of the compression flange of the beam near
the second plastic hinge. The effect of this lateral buckle h=as
already been dlscussed with regerd to the drop in moment capacity
of the beam in ths reglon where the buckle occurred. Thils buckle
took the form of a wave about 3 ft, long, but 1ts dilsplacement
was prevented from increasing by the lateral supports which were
attached tc the beam at the intersection of web and flange.,

At the same time that the lateral buckle was observed
in the top flange in the middle third of the beam, snother type
of instabllity was observed in the bottom flange of the beam at
the lee knee In the form of flange cripplinge. The buckle occurred
only in one~hsalf of the flenge with a wave length of about 3 or 4
Inches. The center of the wave was gbout 4 in, from the inter-
section of besm ard columnes The yilelded zone in which thils buckle
occurred can be seen in Fig. 9a. The buckle could be seen on the
beam at the time the photograph was taken, but it 1s not easily
discernible in the photogrsph. Though this buckle was observed

soon after ultimate lcad had been reached, i1t 4id not appea

H
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hinder the performance of the frume in any way-.
not have the weaskening effect shown by the _ateral buckie which

cccurred in the middle third of the beam,
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In this second cose or iInstability as In the first case
described, good lateral support was ncar at hand and may have pre-
vented damege that might have developed had 1t nct been there,

The third case of instability came when the unsupported
compression fiange of the lee column buckled laterally and the
frame failed. This buckle showed some early slgns of developlng
by the unequal yleld pattern on the flange but apparently was
held in check for some time by the lateral support attached to
the compression flange at the intersection of beam and column,
However, when the deflection at the center of the bean had reacheqd
a value of about 2.3 times its value at ultimate load, there was
a distinct and ravld increase In the slze of the buckle wave and
a corresponding drop 1In lcsd, However, even after this buckle
cccurred, the frame supported 87.2 per cent of lts ultimate lcad
but further strslning produced decreasing load carrying cepacity.
Just before the lese column buckled the load was 953 per cent of
thie ultimate losd and the deflactlon was 230 per cent of the de-
flection at ultimate load.

The buckle in the lee column 1s shown after completion
of the test in Fig. 12, The fact that the buckle was of the lat~
eral buckllng type 1s shown in Fig. 12a where the lateral dls-~
placement of the compresslion flange 1s shown clearly.

The erea 1n which the latcral buckle in middle third of
the beam ocrcurred 1s shown in Fig, 13. The dlsplacement of thils
buckle was so smell that it is not easy to see 1n these photo-
grephs, The photographs cdo show very well ths widespread vielding
that had taken place at the second plastiz hinge by the time the

final loads had been appliec,
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It has alreedy been pointed out that earlier fallure
of the frome was urdoubtedly prevented by the effective lateral
support furnishecd for the test frame, A study of the forces that
were measured in the laterel supports showed thet the frame re-
quired negligible latcral support in the elastic range, but &s
zones of yielding in the frame formed, the lateral support sys-
tem was called upon tc carry larger and larger loads, Those lat-
eral support struts at the theoretical plsstic hinges were called
upon to carry the lsrger pert of the lateral loads. When the
frame was at the verge of failure, there was a total of 12,660
lbs. tension and 12,660 1lbs, compression in the Yateral support
strutsy at thesarie tirme the slnglc forces rcquircd et the first
end seccond hinges were 3580 lbs, ccch, Thus the lateral forces
at the plustic hinges made up 57 per cent of the totel lateral foree,
To obtaln a dimenslionless plot of the relationship be-~
tveen moment and latersl support forcés at the plastic hinges,
the moment at the section was dlvided by the theoreticsl yield
moment and the lateral support force was expressed es a percentage
of the resultant of the compressive stresses in the team. The
resultant of the compressive stresses 1s found by dividing the
moment by the distance between the resultant of the tensile and
compressive stresses, In the elastic condition the distance be=-
tween the resultant 1s obtalned by dividing the Moment of Inertis
by the first moment of one-half of the section about the neutrsl
axls of the whole section, The distance for the fully plastic
case 1s equal to the plastic moment divided by the product of the
vield stress and one-half of the section erea, The two distances
thus found will be the 1limit for eny other .train condition of
the bern.
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Such dimensionlccs plots for the two hinges in the
rresent frame are shown in Fige 14, From this graph 1% wlil be
seen that the maximum lateral support force was rever more than
about 2 per cent of the resultant of the compresslve stresses 1n
the beams In fact the total of all laterail forces was never more
than about 7 per cent of the resultant of the compression stresses
at the plastic moment for the beam,

In order that the distribution of the forces 1n the
various lateral support struts might be seen for two criticsl
load conditions, the graphs on Fige 15 were dreswn, At the top
is drawn the actual moment diegram for the besm of the framc at
the load Just before the lee column buckled laterally, The mo-
ment dlegram for the maximum loszd case was essentially the same
and 1s shown on Figs S The so0lild bars on the graphs show the
force in each lzterel support strut at the load just before
fallure by *he lateral buckling of the lee columne. The shsded
bars represent the same forces at the unltimate losd conditien.
The arrcws a2t the ends of the bars indlczate the direction of the
forces, If the arrow pnints down, the psrticular leteral support
strut was in compression.,

Several facts 1llustrated by these plots should be
pointed outs The maximum velues of the lateral forces occurred
at the plastlc hinges. The lerger latersl forces occur at the

compression flenge of the beam, The presence of the laterzal

e

buckle in the top flange In the middle third of the beam 1s evi-
dent from the large values of latersl load in the two laterel
supgort struts to the right of the windwerd vertical load point.

Virtuelly ne force was requirsd to constrain the windward knee

which wes never subjected to a moment as large as the yield mo-
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ment for the beam sectlone The forces 2t the top snd vtettom of
the beam at eny one section were sluays unequel or of opprosite
csense Indicating that o twlsting tendency aiways existed when the
plastic condition had besen reached,

IThe Bressnee & lange crippiing snd i3
frame strength has been menticned briefly sbove. The subject
needs some further comment, First it should be pointed out thcot
the 12WF36 shape was chosen beceuse 1ts dimensions cre such thet
1t should have good resistance to local flange bucklinge The
test bears out this fact. The only cese of flange crippling ob-
served in the pfesent frame before the failure occurred ty the
lateral buckling of the lee column vies 1In the lower flange of
the beam just zt ..s intersection with the leec columne. This
buckle which took place In only one-helf of the compression flengs
was observed by eye soon after ultimete load had been reaschede.

The size of t»ie wcove did not incresse in proportion to other
deformations so that at the failure of the freme it was not mueh
larger than when first observed. So far es could be detected
this flange buckle did not affect the load carrying or energy
absorbing capaclty of the frame. Therc is the possibility that
the deamaging effect that this local buckle might heve had wes
prevented or minimized by the presence of the lateral support
strut just 4 inches from the center of the buckle wave,

In plenning the prescnt test, two metheds of observin

1)

flange crippling were providcd, A mechaniczl micrometer gsge was

mounted 1n such o way thot the relotlve movement occurring between

the flanges of the beam could be meesurcd. These gages arc

(&7
O

-8

noved by the initiels RFMD (relative Flange Movement Disls) on

Flgs 16 where their positicons ot the lee knse sre showne The

3
-~
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second method of dctecting the flange crippling was the use of
two GR-4 electrical straln gages mounted opposite one another on
the inner and outer surfaces of the compression flangc., ThIce
such indicstors were used in the reglon of the leec knee at the
lccation shown on Fige. 16. The center of the visuslly observed
flange buckle wave coincided with the locatlion of SR-4 gages 35
anéd 36.

The relative flange movements at locations 1, 2, =nd 3
are plotted against the strain at the locastlons on Fig. 16. The
strains ere not determined wlth a high degree of accuracy but do
show the order cf strain megnitude when the lateral flange move-
ments took pleces The unit strzin for RFMD -1 end -2 was com-
puted from rcedings on the rotation indiczstor mounted between
these two dialse. The unit streins for RFMD -3 was taken irom
SR-4 clectrical straln gages 35 and 36,

The rapld increese 1n relative flange movement shown by
dials 1 end 2 at unit strains of about 20 = 10"31n. pcr 1ln. may
be associcted with the Impending la tersl buckle of the lee column
vhich occurred at a strain of about 23 x 10™%in. par in, since no
local flonge crippling was observing in the column flange. Dis-
placements in the order of 700 x 10~%4in. were measurcd with
RFMD -3, but these readings could noct be plotted since the mcans
of determinlng the unit strein wss lost when the SR-4 straln gages
stopped operating at a urit strain of about 20 x 10~%1n, per in,

Indication of flange -rippling given by the SR~4 strain
gages 1ls shown on Fig, 17. Here the recadings from pairs of 5R-4
straln geges sre compared, tiie Individual gege reading being
plotted against the average rcading for the two gages et a par-
ticular Seetiom 6F the besm. SR=4 gogesc ZT and 86 weps

nratnA
alpe(ciol

- -
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at the visually observed buckle and thelr comperiscn is of por-
ticular interest. The gage reodings follow one esnother very well
until a unit strain of sbout 11 x 10 °in. per in, was reached
vhere upon the two curves diverge. Thils would Indicate flenge
cripplings The strain level ot which the buckle vcs observed is
marked Obs. F.B, (Observed Flenge Buckle). The curves plotted
from 3R~4 goges 33 agnd 34 do not diverge and no flange buckling
was observed even though the straln level was es high In thelr

case a8 in the case of gages 35 and 36.
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V. SUMMARY

The test froame, test apparatus and testlng procedure
has been described very briefly sc thai: the test results could
be Interpretede The detalls of the frame and test apparatus are

shown on Fig. 1, 2, and 3., The system of loading proved tec be 2

m
g

very good way of zpplying ¢ combinetion of vertical and horlzon-
tal loed. .

The results of elastic and simple plastic snalysis of
the frame ere given so that 1ts behavior during test could be
evaeluatede.

The major emphasis has been on the results of the testcs,
The foilowlng statements sum up the results of thls frame test.

i. The elestic behavior of the frome was for all
practlcal purposes 1ldentlczl to the theoretically predlcted
behavior when the incressed flexibllity of the knees was taken
into accounts. DMethods are avellable by which such elastic
analysis of the knee may be mede (cse Ref. 1),

2+ The 2nalysis of data showed that the component
parts of the frame hehaved similar to seperate isolated tests,

3« The ultimete load by teast was 1.02 times greeter
than the collepse load predicted by simple plestle theory.

4. The actual deflection =2t predicted collapss load
was very close to the predicted value given by a plastic hinge
method.

5. The freme was able to cerry the predicted collapse
load throveh deflectlons twice as greest 2s those which existed
when the mexlmum lood was first reached.

6. The frame chowed the abllity to absorb relatively

large ~mounts of energy. 1t finally ebsorbed cbout 9 times es
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much ecencrgy as 1t had when the clastic 1imit had been reasched snd

about 3 times as mich rs when the ultimate load had been reached,
7. The knee used In the frcme was cepabls of ceorrying

more then the plastlic moment for the beam sectlon without shovwe

i

ing any signs of rallure evan though the rotation of the knee
became about 5 times greater than the rotation at yleld moment
and 2.7 tlimes greeter then the rotetion et plastic moment of
the beam sectiocn,

8. Tre 12WF36 sectlon used in the freme showed an
c¢billty to withstand lorge rototions et moments which were close
to the theoretlcal plestic moment. Plestlc hinge action started
when the actual moment was sbout 96 per cent of the theoretlcal
plastic moment., The beam was able to undergo unit rotations *ntix
order of 16 tlmes greater than the theoretical unit rotation at
the predicted yleld moment (Fig. 10). This rotation took place
without flange crippling in the regions where the rotation was
measured.,

9. The magnlitude of the lateral support forces re-
quired to insure the good plastic action of the frame was rela-
tively small, The largest force measured 't a single support
point was about 2 per cent of the resu’ .ant ¢of compresslon
stresses at plastlc moment in the bear, The total of eilther
the tensile or compressive lateral foroc:s was not more than
7 per cent of this recsultante.

10. The lsrgest lesteral forces were measured at the
ninge locatlons.

11, The frame was subjected to lateral buckling when
large regions vecame plastic. The asdverse effects of this buck-

iing was minimized ty & stiff laterael support system, Al
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of plastic Instablllity occurred after the ultlmate lomd hsd been
reached,

12, Final fallure was brought about by latersl buck-
ling of the lee column after the frame had supported virtually
its ultimate 1lced through deflectionz 22C per cent greater than
those when ultimate losd was flrst reached, The column had no
lsteral support except at i1ts intersection with the team and
at 1ts bsse,

13. The 12WF36 shape was Intentionally chosen to
minimize the effect of local buckling. One cmall wave of flangs
buckling was detected soon after the utimate load had been
reached, but 1t d41d net develop further. T.e lateral buckling
action previously mentioned caused final failure.

In general, the results furnish encouraging evidence
of the appllecabllity of plastic snalysis in structural design.
The frame showed the chsracteristlic behavior of structurai ele-

ments and frames when loaded in the plsstic range.
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b. LEE HALF OF FRAME

FIG. 3 CLOSE-UP VIEW OF FRAME AND TEST APPARATUS
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b. SECOND PLASTIC HINGE AT WINDWARD VERTICAL LOAD POINT

FIG. 9 ZONE OF YIELDING AFTER ULTIMATE LOAD
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